Abstract-Pressure ulcer risk assessment
INTRODUCTION
Pressure ulcers are areas of soft tissue breakdown, resulting from sustained mechanical loading of the skin and underlying tissues. The prevalence of pressure ulcers in hospitalized patients in the Netherlands is unacceptably high with values exceeding 15%. 21 The Dutch National Prevalence Survey demonstrated that grade 1 ulcers, the first stage of superficial ulcers in skin, accounted for approximately 50% of the prevalence of pressure ulcers. 21 The high prevalence is partly due to the limitation of the risk assessment and detection techniques. Currently, risk assessment is mainly performed by questionnaires or scales like the Norton, 31 Braden, 1 and Waterlow scale, 42 that involve risk factors for pressure ulcer development such as mobility, age, sex, and incontinence. Most risk assessment scales are based on expert opinion and have a limited scientific background. 39 Furthermore, Schoonhoven et al. 39 demonstrated that risk assessment scales do not predict the degree of susceptibility with the required accuracy and indeed, up to 30% of the hospitalized patients with pressure ulcers are incorrectly classified. Accordingly, patients with high risk might not receive adequate preventive measures.
Further limitations associated with risk scales are that they have to be relatively simple to complete and they should be integrated within a daily routine in hospitals and nursing homes. This results in the inclusion of relatively easy to record parameters such as age, weight or body mass index, sex, mobility of the patient, etc. From a scientific point of view, these parameters represent properties which do not sufficiently reflect the susceptibility of the individual. A characteristic that can reflect the individuals susceptibility would require the assessment of the physiological response of an individual to a specific load regime. The current study is part of a research program on development of a monitoring system that allows the measurement of a tissue reaction in a clinical setting as a complimentary tool to the used risk scales. It focusses on the suitability of biochemical markers to be used to determine the tissue reaction after mechanical loading.
Ideally, pressure ulcer risk detection should be performed at the skin surface in a noninvasive way.
Therefore, cytokines are evaluated that originate from keratinocytes in the superficial layer of the skin, the epidermis. Interleukin-1a (IL-1a) is a pluripotent, multifunctional cytokine that plays a key role in the initiation and development of inflammatory and immune responses. 41 Furthermore, this cytokine is known to induce the production of other cytokines, such as interleukin-8 (IL-8) and tumor necrosis factora (TNF-a). 16, 41 Interleukin-1 receptor antagonist (IL-1RA), which is also constitutively produced by keratinocytes in the epidermis, is known to inhibit the activity of IL-1a. In a physiological situation, IL-1a is only removed from the epidermis by desquamation of the stratum corneum, due to the lack of a hydrophobic leader sequence for transmembrane secretion. 41 However, chemical exposure, UV irradiation, tape stripping, as well as sustained mechanical loading are known to disrupt the cell membrane and release a large amount of IL-1a from the keratinocytes, which normally retain prodigious intracellular stores of IL-1a in the epidermis. 2, 5, 6, 18, 19, 30, 32, 43, 44 It was shown that mechanical straining of keratinocyte monolayers promotes the expression and release of IL-1a and IL-1RA. 25, 40 Recently, IL-1a, IL-1RA, IL-8, and TNF-a have been identified as promising markers for pressure ulcer risk detection. 4, 6 Using an in vitro model system for pressure ulcer development, an increase in the release of these markers from tissue-engineered epidermal equivalents was observed after 24 h of loading (0, 6.7, 10, 13.3, 20, and 26.7 kPa). Commercially available EpiDerm cultures, of which the general morphology is comparable to human epidermis, were used as epidermal equivalents in these studies. 7, 29 In this study, the cytokine values are determined after 24 h of loading, which is a long period regarding to pressure ulcer risk assessment. Experimental studies have suggested an inverse relationship between tissue damage and pressure magnitude and duration. 12, 24, 38 In the pressure-time curves resulting from these studies, it was suggested that a pressure of 20 kPa (150 mmHg) could lead to tissue breakdown after approximately 3 h.
The aim of the present study is to evaluate the release of cytokines (IL-1a, IL-1RA, IL-8, and TNF-a) in the epidermis in vitro with time. Therefore, the following questions are addressed: What is the release of cytokines into the medium after mechanical loading of epidermal equivalents for various loading periods (1, 2, 4, 6, 8, 16 , and 24 h)? What are the cytokine values inside the epidermal equivalents after mechanical loading? Furthermore, transport simulations were performed to establish parameters of cytokine release inside the EpiDerm culture to enable the interpretation of the medium results with respect to the values inside the culture.
MATERIALS AND METHODS

Experimental Model Engineered Epidermal Equivalent
A commercially available human epidermal equivalent, EpiDerm (EPI-200, MatTek Corporation, Ashland, MA, USA), was used as an in vitro model of the epidermis in this study. The general morphology of this model system resembled that of normal human epidermis and it was mentioned that the model was suitable for screening irritating substances. 29 These EpiDerm cultures are comprised of human-derived epidermal keratinocytes, which have been cultured on standing cell culture inserts (Millipore, Billerica, MA, USA) at the air-liquid interface to form a multilayered, differentiated model of the human epidermis. 7 Upon receipt, the EpiDerm cultures were placed in 6-well plates, and were cultured overnight at 37°C and 5% CO 2 in 900 lL/well of hydrocortisone free maintenance medium (EPI-100-MM-HCF, MatTek Corporation, Ashland, MA, USA). The next morning, the cultures were transferred to fresh medium and directly used in 'pressure-time' experiments. Seven batches of EpiDerm cultures, of 24 cultures each, were used in this study.
Pressure-Time Experiment
A pressure of 150 mmHg (20 kPa) was applied on top of EpiDerm cultures for various loading times (1, 2, 4, 6, 8, 16 , and 24 h). As depicted in Fig. 1a , this pressure was applied using indenters and additional weights, 5 which were carefully loaded onto the top of the EpiDerm cultures to prevent damage from impact loading. Unloaded cultures were analyzed at the same time points and were used as control. After each loading period, all the surrounding medium was collected and stored at À80°C for later analysis of cytokines, further referred to as 'medium cytokines'. The loaded EpiDerm cultures were gently washed with the provided phosphate-buffered saline (PBS, MatTek Corporation, Ashland, MA, USA) and cut in two equal parts. One part was fixated for histological examination and the other part was used to determine the cytokine values inside the epidermal tissue, further referred to as 'culture cytokines'. This part was placed in 450 lL of 1% (v/v) Triton X-100 (Merck Chemicals Ltd., Nottingham, UK) in hydrocortisonefree maintenance medium at 4°C, according to recommendations from the supplier (MatTek Corporation, Ashland, MA, USA). After incubation for at least 8 h, the culture lysates were stored at À80°C for later analysis of the culture cytokines. The measured culture cytokines (pg) can, upon multiplication by a factor two, be directly compared to the medium cytokines (pg).
Histological Examination
The part of the EpiDerm culture used for histological examination was fixated in 10% phosphatebuffered formalin and processed for conventional paraffin embedding. The cultures were cut in 5 lm thick slices in transversal direction and stained with Hematoxylin and Eosin (H&E). The tissue morphology was studied by light microscopy.
Membrane Integrity
The cell membrane integrity (cell damage) of the EpiDerm cultures was measured by a colorimetric lactate dehydrogenase (LDH) assay (TOX-7, SigmaAldrich Co, St. Louis, MO, USA), according to recommendations from the supplier. This assay measures membrane integrity as a function of the amount of cytoplasmic LDH released into the medium. Briefly, assay mixture was prepared by mixing equal amounts of LDH assay substrate, cofactor and dye solutions. For all cultures, assay mixture was added to the medium in a proportion of two to one. After incubation for 30 min at room temperature in the dark, the color reaction was stopped by 1 M HCl. Plain medium was used as blank in this assay. Absorbance was determined at 490 nm using a plate reader. Background correction was performed at 650 nm.
Cytokines
The levels of IL-1a, IL-1RA, IL-8, and TNF-a in the medium and culture lysates were determined by ELISA. TNF-a was quantified by a Quantikine high sensitive kit (HSTA00C, R&D systems, Abingdon, UK) according to the recommendations from the supplier. For IL-1a, IL-1RA, and IL-8 (M9318, Sanquin Reagents, Amsterdam, the Netherlands) quantification, Maxisorp immunoplates (Nalge Nunc international, Roskilde, Denmark) were coated overnight at room temperature with capture antibody. Subsequently, the plates were blocked with PBS/0.5% BSA for 1 h at room temperature, after which the samples and standards were added to the plates. The concentration of the standard cytokine solution ranged for IL-1a from 7.8 to 1000 pg mL À1 , for IL-1RA from 31 to 4000 pg mL À1 , for IL-8 from 11.7 to 1500 pg mL À1 and for TNF-a from 0 to 32 pg mL À1 . After incubation for 1 h at room temperature and washing (PBS/0.005% Tween-20), detection antibody was added. The plates were, furthermore, incubated with 1:10,000 diluted streptavidin-HRP (M2032, Sanquin Reagents, Amsterdam, The Netherlands) for a period of 30 min. The enzyme reaction was initiated by adding 0.2 mg/mL of o-phenylenediamine dihydrochloride in 0.11 M acetate pH 5.5 and 0.03% hydrogen peroxide and stopped with 2 M H 2 SO 4 . Dilution buffer (PBS/0.5% BSA/0.005% Tween-20) was used as blank in this assay. Absorbance was determined at a wavelength of 490 nm using a plate reader. All antibodies and standards were purchased from R&D systems (Abingdon, UK), unless otherwise indicated.
Statistics
The results are expressed as mean and standard error of the mean (SEM). Weighted analyses of variance (ANOVA; SPSS 12.0.1, USA) were used to determine the effect of pressure and loading time on medium, culture, and total (i.e., medium+culture) cytokine values. Dunnett's multiple comparisons test was used to compare the different loading times (2, 4, 6, 8, 16 , and 24 h) to the 1 h loading time for both the loaded (150 mmHg) and unloaded control group (0 mmHg). In addition, contrast was employed to compare the loaded and the unloaded control group to one another at each time point (1, 2, 4, 6, 8, 16 , and 24 h). Differences were considered significant at a p-value < 0.05. 
Numerical Model Model Equations
To describe the transport of cytokines through the EpiDerm culture and into the medium, a distinction was made between cytokines that could move freely through the culture and the medium (free cytokines, C f in pg mL À1 ) and those that were bound to their environment (bound cytokines, C b pg mL À1 ). The bound cytokines could either be located inside the keratinocytes (C bc ) or could be attached to the receptors on the cell-surface membrane (C br pg mL À1 ). The partial differential equations to describe the transport of cytokines with time (t in s) are given in Eq. (1).
Cytokines that were released from the keratinocytes became free in the extracellular fluid and were described by the source term f (in pg ml À1 ). Obviously, f = 0 in the medium since no keratinocytes were present here. The second term in the equation for C f reflects the diffusion of cytokines, which was included in both the EpiDerm culture and the medium, and was modeled using Fick's second law of diffusion. The diffusion coefficient D was obtained from experimental results with values of 2.3 9 10 À5 mm 2 s À1 for the EpiDerm cultures and 6.9 9 10 À5 mm 2 s À1 for the medium. 10 The remaining terms describe the binding to and the release from the receptors, respectively. These terms were also only taken into account inside the EpiDerm culture. The affinity of the receptors was indicated with the binding constant k b (in mL pg À1 s À1 ) and the release constant k r (in s À1 ). The number of receptor sites per keratinocyte was indicated by R t (in pg mL
À1
). The total cytokine values were comparable at all time points as described in the results section ''Cytokine Measurements'', implying that there is a balance between production and degradation of cytokines. Degradation in the medium was measured to be negligible and for convenience, no degradation and no production was assumed in the culture.
The equations were solved using the finite element method. The equations were transformed to the weak form, and subsequently, partial integration and Gauss' theorem were applied. After linearization, spatial discretization was performed according to Galerkin. For temporal discretization, the Crank-Nicolson scheme was applied. This set of equations was solved using MATLAB.
Model Geometry
The EpiDerm culture, with a diameter of 8 mm, was placed in the middle of a six-well plate with a diameter of 35 mm. The thickness of the EpiDerm culture was determined to be on average 100 lm and due to the dimensions of the cell culture insert was located 1 mm above the bottom of the plate. The medium volume that was added in the experiments filled the well till a height of 1 mm. Therefore, a two-dimensional model, as shown in Fig. 1b , with its axi-symmetric axis perpendicular to the center of the well, was used as geometry for the simulations. The EpiDerm culture and the medium were modeled using 40 and 200 elements, respectively.
Initial and Boundary Conditions
Zero flux was assumed for the boundary conditions of both the outer boundary and along the axisymmetric axis. The total cytokine values were determined from the experimental results. The initial conditions of the cytokines inside the culture were unknown since the values for free and bound cytokines separately could not be measured. Therefore, the initial value of the free cytokines in the EpiDerm culture (C 0 f ) was estimated via a fitting procedure. It was assumed that the free cytokines were in equilibrium with those bound to receptors. From this equilibrium, the initial value of C br was calculated. The medium was added freshly at the start of the experiments and therefore, the initial cytokine value in the medium was zero. So, the initial conditions corresponding to this system were:
Material Parameter Estimation
The material parameters were either obtained from literature, if possible, or identified by fitting the computational results to the experimental observations. The values are summarized in Table 1 .
An unknown that was estimated via a fitting procedure was the source term f that represented the cytokines that were released from the keratinocytes. This basal release in the unloaded situation was assumed to be constant. Loading the samples decreased the membrane integrity of the keratinocytes, leading to an additional instantaneous increase of the release of cytokines. This additional release was assumed to decrease with time. These assumptions led to the following equation for the source term in the loaded situation, which is the sum of the additional time-dependent release and the constant basal release, in which the parameters a and b have to be fitted.
In the experiments, four different medium and culture cytokines were determined simultaneously (IL-1a, IL-1RA, IL-8, and TNF-a). Simulating the transport of all cytokines could be done in separate simulations, except for IL-1a and IL-1RA since they bind to the same receptors. To determine all unknown variables, which are C 0 f , a, b, and f basal for all cytokines and k b for IL-8 and TNF-a a numerical/experimental method was used. 11, 26, 27 The cost function is based on the sum of the squared differences between the measured concentrations of the cytokines and the calculated concentrations on each time step. This cost function is minimized by means of a Newton minimization procedure. This requires derivatives of the cost function with respect to the material parameters. These derivatives are determined numerically. Starting from an ''old'' estimate, each parameter is varied with a small amount and then the cost function is calculated by means of a forward numerical analysis. From the difference of the ''new'' cost function and the ''old'' cost function the partial derivative to that specific parameter is calculated. This requires n + 1 forward numerical calculations for n different parameters for each iteration. The Newton method converges quadratically, provided that the last estimate is close to the minimum. The initial estimates were determined by manually adjusting parameters until they were close to the experimental results. Figure 2 illustrates the structural tissue damage that was observed as a result of epidermal loading. It was evident that no damage occurred in unloaded cultures (Fig. 2a) . After 4 h of loading, the first signs of structural tissue damage appeared in the upper layer of the epidermis (Fig. 2b) . Some cell swelling, vacuoles, and necrosis could be detected just below the stratum corneum. Epidermal damage was enhanced with increasing loading times. After 8 h of epidermal loading, more cell swelling and vacuoles could be detected (Fig. 2c) . In addition, the stratum corneum appeared less compact and the stratum granulosum was no longer distinguishable. The most severe structural tissue damage was, however, found after 16 and 24 h of loading (Fig. 2d) . In addition to the earlier observed structural tissue damage, cell swelling and vacuoles could also be detected in the middle region of the epidermis. Furthermore, the keratinocytes in the lower layer of the epidermis seemed to be compressed.
RESULTS
Damage Assessment
Epidermal loading also affected the cell membrane integrity, as depicted in Fig. 3 . An increase in the release of LDH was found in the medium as compared with the unloaded control group (0 mmHg). A first significant increase could be detected after 2 h of loading (4.6-fold vs. 0 mmHg, p < 0.001). This difference in LDH between the loaded (150 mmHg) and unloaded control group further increased with time.
The release pattern of the loaded group showed a linear rise at the beginning of the loading period. After 16 h of loading, the release of LDH remained nearly constant with time. Compared to the unloaded control group, a 9.7-fold increase (p < 0.001) in the release of LDH could be measured after 16 h of loading. On the other hand, the release pattern of LDH of the unloaded control group increased minimally with time.
Cytokine Measurements
Cytokine values were measured both in the EpiDerm culture and in the medium. Table 2 illustrates the temporal profiles of cytokine values in medium, culture, and total (culture and medium) during applied loading of 150 mmHg. Although the total cytokine values were significantly different (p < 0.05) at some time points, no general influence of time was observed for any of the four cytokines.
It was evident that the IL-1a and IL-1RA values in the medium were very small compared to the values in the culture during the 24 h of loading, implying that most of IL-1a and IL-1RA remained within the EpiDerm culture (Table 2) . By contrast, the medium values of IL-8 and TNF-a were much more comparable to their values in the culture.
The increase in cytokines in the medium was evaluated to investigate the effect of mechanical loading on cytokines release, which is depicted in Fig. 4 . After only 1 h of loading, there was a significant increase in the release of IL-1a (4.7-fold vs. 1 h 0 mmHg, p < 0.01), IL-1RA (4.8-fold vs. 1 h 0 mmHg, p < 0.001), and IL-8 (3.6-fold vs. 1 h 0 mmHg, p < 0.01) (Figs. 4a-c) . By contrast, a significant increase in TNF-a was only evident after 4 h of epidermal loading (5.1-fold vs. 4 h 0 mmHg, p < 0.05) (Fig. 4d) . Furthermore, the values of TNF-a in the medium were very small and could hardly be detected using a high sensitive immunoassay technique. For all cytokines, the difference between the loaded and unloaded control group increased with time. After 16 h of loading, the release of all cytokines remained nearly constant. Compared to the unloaded control group, a 5.1-fold (p < 0.001), 11.7-fold (p < 0.001), 4.8-fold increase (p < 0.001), and 4.8-fold increase (p < 0.001) was found for IL-1a, IL-1RA, IL-8, and TNF-a, respectively, after 16 h of loading. The release pattern of the unloaded control group only slightly increased with time, which was the most evident for IL-1a and IL-8 (Figs. 4a, c) .
Numerical Simulations
Depending on the type of cytokine, different material parameters had to be adapted to find the best fit for the simulated medium values compared to the mean experimental data. The resulting numerical fits for all four cytokines for both the unloaded (solid line) and loaded situations (dashed line) corresponded well with the measured medium values, as illustrated in Fig. 4 .
The distribution of the free cytokines in both the EpiDerm culture and the medium after 24 h of loading, which was qualitatively comparable for all four cytokines, is depicted in Fig. 5 . The highest values of free cytokines were observed in the EpiDerm culture. The cytokines in the medium were inhomogeneously distributed due to their slow diffusion properties. Figure 6 shows the resulting release of cytokines from the keratinocytes after the fitting procedure was finished. For the numerical results a conversion was required. In the experiment 900 lL medium was added. The model calculates an average concentration per unit of time, accounting for the axi-symmetry of the system. This concentration was multiplied with 0.9 to get from pg/mL to pg. This leads to the total amount of cytokines in the system.
For the unloaded situation, a constant release was assumed, which is clearly seen in Fig. 6 . Mechanical loading resulted in an increased release of cytokines. For IL-1a and IL-1RA, this release returned gradually to normal values after approximately 18 h of loading. The TNF-a release also decreased gradually in the beginning of the loading period whereas the release of IL-8 remained fairly constant, due to the low value of b (Eq. 3) that resulted from the fit. For both IL-8 and TNF-a, the release from the keratinocytes ceased abruptly at approximately 15 h.
To explore the sudden decline in the release of IL-8 and TNF-a, the distribution of cytokines inside the EpiDerm culture was investigated in more detail. For the bound cytokines, difference was made between cytokines that were inside the keratinocytes and those that were bound to receptors. Most of IL-1a and IL-1RA remained inside the keratinocytes during the 24 h loading period, as depicted in Fig. 7 . By contrast, all IL-8 and TNF-a was released before the end of the loading period, resulting in the sudden decline in the release as depicted in Fig. 6 . Part of these cytokines bound to receptors while the largest part remained free.
DISCUSSION
Cytokines that can be measured in vitro after prolonged mechanical loading are evaluated in the current study, since they might be suitable for pressure ulcer risk detection in vivo. The aim of the present study was to evaluate the pressure-time regulation of the cytokines IL-1a, IL-1RA, IL-8, and TNF-a. Epidermal equivalents were, therefore, subjected to either 0 or 150 mmHg in a custom-built loading device for various loading periods (1, 2, 4, 6, 8, 16 , and 24 h). Numerical simulations were performed to estimate the temporal release of cytokines from the keratinocytes inside the culture, based on their measured values in the medium.
In the present study, commercially available EpiDerm cultures were used. These epidermal equivalents provide a representative model to evaluate biochemical markers upon mechanical loading, since the general morphology of the EpiDerm cultures is comparable to that of normal human epidermis. 29, 35 Indeed, epidermal equivalents, such as EpiDerm, are currently employed as diagnostic models for in vitro toxicology testing. 2, 9, 18, 17, 33 In these experimental studies, IL-1a release values were comparable with those found in the current study. Furthermore, the observed tissue damage and the release of cytokines into the medium after 24 h of mechanical loading is comparable with an earlier study by Bronneberg et al., 6 indicating that reproducible results can be obtained using the current model system. Some cell swelling, vacuoles, and necrosis could be detected after 4 h of epidermal loading with 150 mmHg (Fig. 2) , which are one of the first signs of cell damage. 8 The release of LDH is often measured to assess membrane integrity and was found to be significantly increased after 2 h of mechanical loading, confirming that the cell membrane integrity was indeed affected. The structural tissue damage increased with time, since after 8 h, the stratum corneum appeared to be affected as well. This layer represents the epidermal permeability barrier, that protects the skin against excessive water loss as well as mechanical and chemical insults. 15 A less compact stratum corneum might, therefore, indicate loss of structure and function of the epidermal barrier. In the current study, an increase in IL-1a, IL-1RA, and IL-8 was evident in the medium (Fig. 4) , prior to the onset of visible tissue damage (i.e., after 4 h of epidermal loading). This increase was first apparent as quickly as 1 h after epidermal loading. There was a much slower release of TNF-a, such that its significant increase only coincided with the first signs of gross tissue damage. In addition, only very small levels of TNF-a were present in the medium (Fig. 4) , which could hardly be detected using a 'highsensitive' immunoassay technique. Upon epidermal loading with 150 mmHg, the release of the cytokines into the medium showed a linear rise until approximately 16 h of loading. These results are in agreement with the observed structural tissue damage, as well as with the extent of cell membrane disruption of LDH leakage. The histology of the EpiDerm cultures showed an increase in tissue damage until a maximum was approximately reached after 16 h of loading. The total cytokine values (i.e., sum of the culture and medium values) remained nearly constant with time, suggesting no additional synthesis of any of the four cytokines during the experiments.
For a detailed evaluation of the described experiments, numerical simulations proved indispensable. In the experiments, it was found that the release of IL-1a and IL-1RA into the medium was much smaller than the values in the culture. For IL-8 and TNF-a, comparable values of culture and medium cytokines were detected. From the numerical simulations it became clear that this difference was due to the bound cytokines that were associated with the keratinocytes. The simulations indicated that the temporal changes in cytokine levels in the medium were a direct result of their transient behavior in the loaded EpiDerm culture. For both IL-8 and TNF-a, the release from the keratinocytes suddenly declined when the total cytokine values were released. Under physiological conditions, this decline would be gradual until all cytokines were released. The implemented constraint, that the values of cytokines inside the keratinocytes cannot be lower than zero, resulted in the sudden decline in the numerical simulations (Fig. 6 ). This raises some questions with respect to the mathematical form that was chosen for f. Probably in reality the release term f should be a function of C bc , but currently it is not clear what the functional form should be. The saturation that is shown in Fig. 4c for the IL-8 release, however, does point in the direction of a total depletion after 15 h of loading. For TNF-a this effect is less clear, but also here the best fit resulted in a jump condition.
Due to the dimensions of the experimental setup (Fig. 1a) , the loading of 150 mmHg was applied in the middle of the EpiDerm culture, resulting in nonuniform deformation of the total culture. Histological examination revealed that the damage beneath the indenter was more severe than the damage adjacent to the indenter, which is comparable to indentation experiments with a skeletal muscle model system. 3 However, it was difficult to assess the differences in damage severity and to relate this to different responses of the keratinocytes. Therefore, it was assumed in the simulations that the release from the keratinocytes was homogeneous in the total EpiDerm culture. Furthermore, it has been reported that diffusion is decreased in biological constructs subjected to deformation. 20, 36 However, identical results were obtained by simulating the experiments with a 50% lower diffusion coefficient, since the EpiDerm culture was very thin compared to its surface area in contact with the medium. Moreover, cytokine transport in the medium was limited due to the low medium diffusion coefficient and not to diffusion inside the EpiDerm culture. So, the diffusion coefficient of the unloaded EpiDerm culture, as measured by Cornelissen et al., 10 was found to be adequate in the current study.
Although the Epiderm cultures have proved their validity in the literature there are of course limitations to the system. Epiderm is a model for epidermis and stratum corneum and may behave differently from normal full skin that is perfused with blood. It is not clear which influence full skin will have on the behavior of the epidermis. A tangible weakness is, that Epiderm does not contain IL-6, which is a very interesting cytokine to study because of it's role in wound healing. As mentioned above, a drawback of the setup is that the mechanical deformation of the Epiderm specimen is nonuniform. This implies that the external pressure represents a rather complicated mechanical condition and it is difficult to extrapolate results to other loading conditions (e.g., shear). A transport model was used because measurement of the cytokines in the medium only offers indirect information on the processes going on inside the Epiderm specimen. The diffusion equations to describe transport are well established, but the assumptions regarding the interaction terms between free, cell bound, or cell receptor bound cytokines and for the source term are hypothesized and in this primary analysis kept as simple as possible. The objective was to find some phenomenological form for f. Apparently for IL-a and IL-1RA, a fast declining time function has to be chosen and for IL-8 and TNFa a more constant function, but it is clear that more research on this problem is necessary.
In conclusion, cytokines, such as IL-1a, IL-1RA, and IL-8, appear promising biochemical markers for pressure ulcer risk assessment. After 1 h of epidermal loading and before the onset of structural tissue damage, a first increase in the release of IL-1a, IL-1RA, and IL-8 could be observed in the medium as compared with the unloaded control group. On the other hand, TNF-a seems a less promising marker for risk assessment, since an increasing value in the medium was detected when the first signs of tissue damage were already apparent. Furthermore, the values of TNF-a were very small and could hardly be detected using a 'high sensitive' immunoassay technique. Numerical modeling enabled an interpretation of the results leading to a first estimate of the kinetics of the cytokines inside the EpiDerm culture.
This study represents a first step in using cytokine measurements to assess the tissue response after mechanical loading. The authors believe that measuring this tissue response improves the risk assessment for pressure ulcers. For further determination of the suitability of these cytokines for risk assessment, it should be established whether they could be measured after prolonged loading in vivo. Furthermore, it would be interesting to examine whether a threshold level of cytokine release exists that distinguishes susceptible from nonsusceptible individuals. Ideally, these in vivo measurements should be quick and noninvasive to enable a fast and objective assessment of the risk of an individual subject. Furthermore, it needs to be established in future studies whether the cytokine values differentiate susceptible from nonsusceptible subjects.
The authors believe that measuring the cytokine release alone might not be sufficient to reflect the status of soft tissues and further research might be focussed on measuring the cytokine release in combination with other markers like lactate production 34 or transcutaneous oxygen and carbon dioxide tension. 23 
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